Abstract
(AKI), research octane number (RON), and motor octane number (MON), and T10 (the temperature when 10% of a fuel by volume boils away during a distillation test) were negatively correlated with PM mass emissions, PN emissions, or both. For PFI vehicles for the Federal Test Procedure (FTP), LA92 and US06 cycles, T50, T70, T90, AKI and MON showed more mixed results, with both positive and negative correlations, while distillation EP and RON showed a negative correlation with PM mass emissions. Many of these analyses also showed statistically significant interactions, which indicates that the magnitude and direction of the regression coefficient (slope) estimated between the fuel property and PM emissions component varied as of function of at least one of the categorical variables (i.e., vehicle engine technology or model year, number of cylinders, and/or drive cycle). The presence of such statistical interactions demonstrates the underlying complexity in the data set. The details related to the interactions can provide valuable information to researchers for interpreting data sets that include combinations of different vehicle technologies. The information can also be used in the design of test programs, where a better understanding of how the effects of different fuel properties can vary as a function of different vehicle technologies and drive cycles can aid in study planning.
Introduction

P
articulate Matter (PM) emissions are an important contributor to the air quality impacts of transportation sources [1] , [2] . Although heavy-duty diesel engines in on-road and off-road applications are the most prevalent sources of PM in mobile source emissions inventories, the contribution of PM emissions from gasoline light-duty vehicles (LDVs) is also significant [3] . The issue of PM emissions from gasoline LDVs is becoming even more relevant as the technology in the marketplace moves from port fuel injection (PFI) vehicles to gasoline direct injection (GDI) vehicles, which inherently produce more PM emissions in the combustion process [4] , [5] , [6] . The characterization of PM emissions from gasoline LDVs has been studied extensively, especially since the 2000s. In particular, many researchers have been trying to better understand how different parameters, such as fuel properties, engine type, engine operating conditions, and injection processes affect PM characteristics, including mass and number [7] , [8] , [9] , [10] .
In 2010, the Honda Motor Company proposed a method for predicting the tendency of a gasoline engine to generate PM during engine combustion based on a Detailed Hydrocarbon Analysis (DHA) of the fuel's composition [11] , [12] . For each hydrocarbon component assigned in the DHA of the fuel, a Particulate Matter Index (PMI) value was calculated based on the component's vapor pressure and Double Bond Equivalent (DBE). In general, higher PM emissions from engines appear to correlate with higher PMI values and with
Data Collection
The literature covered a full range of technical reports, peerreviewed journal articles, as well as information from internal reports by major investigators. A subset of 24 studies included test results that were used for the subsequent statistical analysis. This included some studies where the data were available in the study itself. In most cases, however, data were obtained directly from the authors of different studies. In total, 1841 test results for PFI vehicles and 1325 test results for GDI vehicles were identified for the database. The majority of the data were obtained from published and internal technical reports prepared by environmental and regulatory agencies in the US and Canada (i.e., the Environmental Protection Agency [EPA] , California Air Resources Board [CARB], etc.). The balance was drawn from peer-reviewed journal articles. A significant fraction (~42%) of the test results for GDI vehicles was sourced from European and Asian studies.
The literature review was selective and critical. Journals obtained from scientific indices were the preferred choice, although other non-indexed publications, such as Society of Automotive Engineers (SAE) technical papers and some internal and published reports from organizations such as CARB, EPA, and the European Oil Company Organization for Environment, Health and Safety (CONCAWE) were also cited. It is worth noting that a broader range of papers and reports were evaluated in selecting the sources finally used in the statistical analysis. Some papers were excluded from further analysis as they did not include fuel properties, such as distillation parameters, or the actual data was not available for inclusion in the statistical analysis.
For this literature review, the fuels used in individual studies with spark-ignition engines were all treated as gasoline fuels. Although a number of studies used ethanol blends, butanol blends, and other alcohol fuel formulations, further separation of these fuel types was beyond the scope of this analysis. Thus, all fuels were classified as 'gasoline'. The ranges for the primary properties of the test fuels used for the PFI and GDI vehicles are shown in Table 1 . The concentrations of ethanol and other alcohols in the test fuels from studies represented in the database ranged primarily from 0% to 20% by volume, with the exception of some which included fuels with an ethanol content as high as 83% by volume [19] .
Some of the key variables evaluated in the statistical analysis were the engine technology, the number of engine cylinders, and the driving cycle used for the testing.
GDI vehicle data were obtained from 18 studies, including references [13] , [14] , [16] , [19] , [20] , [21] , [22] , [23] , [24] , [25] , [26] , [27] , [28] , [29] , [30] , [31] , [32] , [33] , [34] , [35] . The largest sources of data for GDI vehicles included Coordinating Research Council (CRC) programs [20] , [21] , [22] , the European 'PARTICULATES' program [23] , the University of California at Riverside (UCR) College of Engineering-Center for Environmental Research and [14] , [16] , and [26] . For the GDI vehicles, emissions results were obtained from 38 different model vehicles and 78 different types of fuels. PFI vehicle data were obtained from 15 studies, including references [13] , [14] , [16] , [17] , [19] , [23] , [24] , [25] , [26] , [27] , [28] , [29] , [36] , [37] , [38] , [39] , [40] . The largest sources of data for PFI vehicles included the Energy Policy Act (EPAct)/E-89 program [17] , [36] and Sobotowski et al. [16] , which included 955 and 270 test records, respectively, or 1235 of the total of 1841 test records. Other test programs that included at least 90 test records included the European PARTICULATES program [23] , the CE-CERT mixed alcohol program [19] , [24] , and the CRC_E-98 program [37] , which in total accounted for another 417 test results. The remaining studies accounted for the remaining ~190. For the PFI vehicles, emissions results were obtained from 42 different model vehicles and 77 different types of fuels.
Test results for PFI and GDI vehicles were classified by engine technology, fuel injection system, and intake air. The vast majority of tests on PFI vehicles were done with stoichiometric naturally aspirated (NA) engines (1832). Only a few PFI vehicle tests were obtained for hybrid technologies. The majority of tests for the GDI vehicles were for stoichiometric naturally aspirated engines using wall-guided (side-mounted) injection technology, followed by lean-burn naturally aspirated engines using wall-guided injection systems (313). A total of 97 tests were obtained from GDI vehicles equipped with stoichiometric turbocharged engines and wall-guided injection systems, and 57 of the tests were obtained from GDI vehicles equipped with stoichiometric naturally aspirated engines and spray-guided (centrally-mounted) injection systems.
The literature data for the PFI vehicles included 1087 vehicles equipped with 4 cylinder engines, 24 vehicles with 5 cylinder engines, 560 with 6 cylinder engines, and 170 with 8 cylinder engines. For the GDI vehicles, 924 were equipped with 4 cylinder engines, 43 with 5 cylinder engines, 319 with 6 cylinder engines, and 39 with 8 cylinder engines.
PFI vehicle data predominantly fell into the 2006 to 2010 model year range. On the other hand, the GDI vehicles tended to be somewhat newer (i.e., model year 2011-2015), as this technology has only recently become more widespread.
The driving cycle used for testing was another key difference between studies. The largest number of emissions tests for the GDI vehicles were performed over the LA92 cycle test, followed by the FTP, NEDC, and US06 cycles, respectively. For PFI vehicles, however, the number of tests on different cycles decreased in the following order: LA92, US06, FTP, and NEDC. A large number of tests were classified under the category 'Other Driving Cycles'. This category includes the Common Artemis Driving Cycles (Urban, Rural, and Motorway), the separate segments of the NEDC (i.e., ECE and EUDC), separate phases of the LA92 (i.e., phase 1 or bag 1 and phase 2 or bag 2), the highway fuel economy test (HWFET), the LA-4 test, and steady-state driving conditions at 120 km/hr, 90 km/hr, and 50 km/hr.
Statistical Analyses
Statistical analyses were performed separately for PFI vehicles and GDI vehicles. For each of these two vehicle categories, correlations were made for PM mass, total particle number (PN), and solid particle number (SPN) emissions and selected fuel properties that included distillation characteristics (i.e., T10, T50, T70, T90, and EP), aromatics content, Research Octane Number (RON), Motor Octane Number (MON), and Anti-Knock Index (AKI). Additional parameters were also investigated, which included engine type, injection system, engine breathing strategy, number of engine cylinders, and driving cycle. The driving cycles were categorized as FTP, LA92, US06, NEDC, and 'others'. A linear mixed model was fit to the compiled literature test data using the SAS Mixed procedure from SAS Institute, Inc [41] . For this model, the studies were considered as a random variable, since the studies were randomly selected from a larger population, and the goal of the study was to make a statement regarding the larger population.
Other variables, such as driving cycle, number of cylinders, and turbo vs. NA (only for GDI vehicles) were incorporated in the analysis as fixed factors. A factor is fixed when the levels under study are the only levels of interest. This model included T10, T50, T70, T90, EP, aromatics, RON, MON, and AKI. The model also included interactions between the different fuel parameters and the main variables, including drive cycle, engine type, and number of engine cylinders.
The primary analysis was to estimate the regression parameters for the fuel effects, with the levels of the fuel properties used as continuous variables within the model. In some cases, additional pairwise comparisons were made using a least squares means test to provide a comparison between drive cycles, engine cylinders, engine types, or other properties. These analyses were typically done in a transformed space, as discussed further below.
The normality of residuals was checked in the models for all emissions to determine if a transformation was necessary. Analyses of the data in previous studies have shown that the standard deviation of emissions measurements is relatively constant as a percentage of the emission level [42] . For example, vehicles with higher emission levels will tend to have a higher variability on an absolute basis than those with lower emissions levels. As such, emissions are generally analyzed with some kind of a transformation.
For this study, given the wide range of data being analyzed, different transformations were used for different data sets, which included logarithmic transformations, exponential transformations, as well as square root transformations. PM mass, PN and SPN emissions were transformed according to Equations 1, 2 and 3 for analyses for GDI Vehicles and Equations 4, 2 and 5 for analyses for PFI vehicles, respectively. For emissions components that included zeros, a small constant was added prior to taking the logarithm to allow the analyses to be done in the logarithm scale. ANOVA results were considered to be statistically significant for p ≤ 0.05, or as marginally statistically significant for 0.05 < p ≤ 0.1. Statistically significant effects that did not involve interactions were further analyzed by main effect comparisons, where the levels of the other independent variables were combined. Statistically significant effects involving interactions were discussed by simple effect comparisons, where the effect of one independent variable was compared within one level of a second independent variable. Pairwise comparisons were made using a least squares means test.
It is important to note that because separate statistical models were built for different engine and pollutant types, quantitative comparisons cannot be made between the fuel impacts for engine type, engine cylinders, and drive cycle. Instead, the results provide a qualitative and directional assessment of the impacts of different fuel properties on PM-related pollutants for different engine types, engine cylinder configurations, and driving cycles. It is also important to note that because the analyses were done in a transformed space, the results could not readily be transformed back to provide quantitative % increases or decreases in arithmetic space. Finally, it is important to note that as the fuels are all generically treated as "gasoline" fuels, without accounting for oxygen/oxygenate effects, some of the underlying fuel property impacts attributed to distillation properties may in fact be due to the presence of oxygenates.
Results and Discussion
Statistical analyses were performed for GDI vehicles and PFI vehicles, and the results for these two vehicle types are discussed separately in this section. For each of these vehicle types, PM mass, PN and SPN emissions were individually correlated with the selected fuel properties.
Fuel Properties Influence on PM Mass, PN, and SPN Emissions from GDI Vehicles
The results of the statistical analysis for the overall data set are provided in Table 2 for each of the fuel properties for PM mass, PN and SPN for GDI vehicles. For these analyses, drive cycle, engine type, and engine cylinders were the categorical variables utilized in the statistical analysis. The tables include the number of observations used in the analysis for each fuel property, the directionality of how the fuel property impacts different PM emissions, i.e., is it positively or negatively correlated with different PM emissions, and whether a statistically significant interaction was identified in the analyses. Statistically significant interactions indicate that the slope of the regression between the fuel property and PM emissions component varied as of function of at least one of the categorical variables (i.e., vehicle engine technology or model year, number of cylinders, and/or drive cycle).
The results (Table 2) indicate that T10, T70, EP, aromatics, RON, MON, and AKI showed statistically significant impacts on PM mass emissions. EP and aromatics were positively correlated with PM mass emissions, indicating PM mass emissions increased as the value of these variables increased. EP also showed statistically significant interactions with engine cylinders and engine type, while aromatics showed statistically significant interactions for drive cycle. T10, AKI, RON, and MON were negatively correlated with PM mass emissions, indicating PM mass emissions decreased as the value of these variables increased. Statistically significant interactions for engine cylinder number were also found for T10, AKI, RON, and MON. T70 showed both positive and negative correlations with PM mass emissions, as well as statistically significant interactions, depending on the specific engine type, number of cylinders, and driving cycle. T50 and T90 did not have statistically significant impacts on PM mass emissions. T90 did show statistically significant interactions, however, and showed positive correlations with PM mass emissions for many of the larger data set categories in terms of engine type and number of cylinders, as discussed in the Appendix. This suggests that T90 remains an important property in terms of PM mass emissions.
The GDI vehicle PM mass results showed trends that are consistent with those seen in the literature. Increases in EP or aromatics have both been found to increase PM mass emissions [13] , [14] , [31] . Higher EP values can be attributed to compounds with higher distillation values, which is consistent with PM emissions trending higher for fuels with higher PMI values. The distillation properties of a fuel, particularly at the high end, play an important role in mixing during the combustion process. To the extent that fuels with higher T90 and EP values produce more heterogeneous mixtures in the combustion chamber, with more zones of rich combustion or liquid fuel films, the greater the propensity of these fuels to form PM.
Aromatics are key precursors to soot formation, which can occur via addition reactions and condensation of the aromatic rings into carbonaceous structures or through slower fragmentation polymerization reactions [43] . Aromatic compounds can also act as seed molecules for molecular growth and polymerization to form larger hydrogen-deficient polyaromatic hydrocarbons (PAHs) that produce soot [18] , [43] . Particulate emissions can also be correlated with higher DBE values for different chemical species in the fuel [11] , [12] . Differences in molecular structure and DBE between paraffins and aromatic hydrocarbons contribute to greater particulate emissions for aromatics.
Other variables such as AKI, RON, and MON were all found to be negatively correlated with PM mass emissions. Karavalakis et al. [13] have previously noted that increasing octane number can lead to a reduction in PM emissions. They hypothesized that the reduction of PM mass with AKI could be attributed to differences in the fuel composition, as the lower octane fuel in that study had greater levels of high molecular weight isoparaffins with higher boiling points.
Other studies, such as the CRC Report E-94-2 [22] , on the other hand, did not show significant changes in PM emissions for increases in AKI from 87 to 94.
For PN emissions, the fuel properties that showed statistically significant or marginally statistically significant effects (Table 2) were T10, T70, T90, EP, aromatics and MON. T70, T90, EP and aromatics were each positively correlated with PN emissions, while T10 and MON were negatively correlated with PN emissions. T50, T90 and aromatics also showed statistically significant interactions.
The positive correlations of aromatics, T90, and EP, with PN are consistent with the results of other studies [13] , [14] , [30] , [31] . A recent study has also shown a correlation between increasing PN and increasing PMI [22] . The negative correlation for MON with PN is consistent with the results of Karavalakis et al. [13] . AKI and RON, on the other hand, did not show statistically significant impacts, which is more consistent with the results from the CRC E-94-2 study, where significant AKI impacts on PN were not found [22] .
For SPN emissions, T10, T50, T70, and T90 demonstrated statistically significant impacts (Table 2) . T50, T70 and T90 were each positively correlated with SPN, although interactions were seen for each of these fuel properties. Previous studies have also found that higher volatility fuels tend to produce high SPN emissions, consistent with the statistical analysis results [31] . T10 showed both positive and negative correlations, as well as statistically significant interactions. It should be noted that for other fuel properties, such as EP, aromatics, AKI, RON, and MON, no statistically significant fuel impacts were found, despite having over 400 test results. The lack of strong fuel trends can probably be attributed in part to the fact that for these fuel properties the SPN data were largely drawn from the European "PARTICULATES" program, where the gasoline fuels used had relatively similar properties, which would make it more difficult to identify potential impacts of fuel properties [23] .
More detailed information on the statistically significant interactions with engine cylinder and driving cycle are provided in Table 3 and Table 4 , respectively. These interactions were discussed here because they are relatively straight forward, since they involve only an interaction with one of the categorical variables. There were also a number of cases where statistically significant interaction were found for two or all three of these categorical variables, indicating more complicated relationships between fuel properties and the underlying testing variables. These interactions are discussed in greater detail in the Appendix. Statistically significant interactions with the number of engine cylinders were found for T10, AKI, RON, and MON for PM mass emissions, and T90 for SPN emissions ( Table 3) . The results showed that T10 had a statistically significant impact on PM emissions for the 5, 6, and 8-cylinder data sets, but not for the 4-cylinder data. For 5, 6, and 8-cylinder vehicle, the slope was negative, indicating that there was a negative correlation between T10 and PM emissions, or that PM emissions decreased with increasing T10. This suggests that T10 has a more significant impact on PM mass emissions for larger engines. T90 demonstrated an opposite trend, where only 4 cylinder showed a statistically significant effect, and the slope was positive, indicating that there was a positive correlation between T90 and SPN emissions. This trend was found for relatively small subsets of data, however, suggesting that this trend may be more specific to the data sets from the specific studies that were included in the analysis.
AKI, RON and MON had a statistically significant impact on PM mass emissions for the test results that included vehicles equipped with 8-cylinder, but not for those equipped with 4 and 6-cylinder engines. In each case for the 8-cylinder data, the slope was negative, indicating that there was an anticorrelation between these properties and PM emissions. The fact that the 8-cylinder engine category had a relatively small number of test results suggests that octane number may only have an impact on PM mass emissions for larger engines for some specific studies in the dataset.
Statistically significant interactions with driving cycles were found for aromatics for PM mass and PN emissions, T50 for PN emissions, and T70 for SPN emissions (Table 4) . Aromatics had a statistically significant impact on PM mass and PN emissions for all the different driving cycles, except the NEDC cycle for PN emissions. In these cases, the slope was positive, indicating that emissions increased with increasing aromatics. The lack of impacts for aromatics for the NEDC for PN emissions could be due to the fact that the European "PARTICULATES" program, where a majority of the NEDC results are drawn from, used gasoline fuels that had relatively similar properties [23] . T50 was found to have a statistically significant impact on PN emissions for the FTP cycle, but not for the other cycles. For T70, a positive correlation was seen for the NEDC and US06 cycles with SPN, but not for the FTP and other cycles.
Fuel Properties Influence on PM Mass, PN, and SPN Emissions from PFI Vehicles
The results of the statistical analysis for the overall data set for each of the fuel properties for PM mass, PN and SPN emissions for PFI vehicles are provided in Table 5 for the FTP, LA92, and US06 cycles, and in Table 6 for the NEDC and other cycles. The results were treated separately for these two sets of driving cycles because many of the observations for the NEDC and other driving cycles did not include the vehicle model year.
For the PFI vehicles, the trends for PM mass were not as strong and consistent as those seen for the GDI vehicles. The statistical analysis results for aromatics, and AKI and MON showed mixed trends, with both positive and negative correlations for the FTP, LA92, and US06 cycles, in contrast to the mainly positive and negative correlations seen for aromatics and AKI and MON, respectively, for the GDIs. T50, T70, and T90 also showed mixed trends for the PFI vehicles over the FTP/LA92/US06 cycles, which is more similar to the mixed or lack of trends seen with the GDI vehicles. For T70, T90, AKI and MON, the majority of the data combinations showed a negative correlation with PM mass emissions. RON and EP both showed a negative correlation over the FTP/LA92/US06 cycles, consistent with the results for the GDI RON analysis, but opposite to the results for the GDI EP analysis. In addition, there were statistically significant interactions for all of the fuel properties for the PFI vehicles over the FTP/LA92/US06 cycles. The PFI vehicles showed negative correlations with T90 and aromatics for the NEDC and other cycles, while the other fuel properties did not show statistically significant impacts. The negative correlation for aromatics for the PFI vehicles over the NEDC and other cycles is opposite to the trends seen for the GDI vehicles. The lack of trends, or in some cases trends opposite to those seen typically in the literature, for the PFI vehicles was somewhat unexpected. The EPACT study, for example, which represented approximately half of the data utilized in the analysis, showed positive correlations for both aromatics and T90 [36] . It is possible that this could be due to underlying correlations with other fuel properties that were not included in this analysis. Ethanol or other alcohols, for example, were critical properties in a number of the studies included in the statistical analysis [16] , [24] , [36] . The European "PARTICULATES" also did not utilize fuels with strong fuel differences, which could have had an important impact on the NEDC cycles.
For PN emissions for the FTP, LA92, and US06 cycles, T50, T70, T90, EP aromatics, AKI, RON, and MON exhibited statistically significant or marginally significant effects (Table 5) . T50, T70, T90 and aromatics showed positive correlations with PN emissions. This is generally consistent with the results for the GDI vehicles, as well as some other studies in the literature [13] . T10, EP, AKI, RON, and MON showed negative correlations. The negative correlations for AKI, MON, and RON are consistent with the results for the GDI vehicles, as well as some other studies in the literature [13] . The negative correlation for EP is interesting, because a higher EP would suggest greater numbers of high distillation point compounds that generally lead to higher PN emissions, as characterized in the PMI index [17] . A statistically significant interaction with engine cylinder was also found for T10, T50 and EP for PN emissions. For the NEDC and 'others' cycles, however (see Table 6 ), no fuel properties showed statistically significant impacts on PN emissions. For the SPN data, there were 275 observations, but there were only 18 out of 275 observations without missing data on vehicle year, therefore year wasn't included in the data analysis for SPN. The results did not show any statistically significant effects over the available data for any of the fuel parameters. Similar to the findings for the GDI vehicles, the lack of strong fuel trends for SPN emissions from PFI vehicles can probably be attributed to the fact that the SPN data were largely drawn from the European "PARTICULATES" program, where the gasoline fuels used had relatively similar properties [23] . This would make it more difficult to identify potential impacts of fuel properties.
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For PFI vehicles, some properties also showed interactions for one categorical variable, but not the others, as shown in Table 7 . EP did not have a statistically significant impact on PM mass emissions for the full set of data, but there still was a statistically significant interaction between EP and model year for the FTP, LA92, and US06 cycle grouping. The results showed a statistically significant negative correlation for EP with PM mass emissions for vehicles with model years between 2005 and 2010, which included a majority of the data, but not for vehicles with model years after 2010. The observation of stronger trends for EP for older model year vehicles could be attributed to the fact that newer vehicles with more advanced combustion and emission control systems can be less sensitive to fuel impacts, although the data set for the 2010 and newer vehicles was also much smaller than that for the 2005-2010 model year vehicles.
T10, T50 and EP exhibited statistically significant interactions between engine cylinders for PN emissions. These interactions were investigated further in Table 7 . The results indicated that T10 had a statistically significant impact on PN emissions with a negative correlation for 6-cylinder, but not for 4 and 8-cylinder vehicles. T50 had positive correlations for PN emissions with 6 and 8 cylinder vehicles, but not for 4 cylinder vehicles. EP showed a negative correlation 8 cylinder engines, but not for other combinations of engine cylinders. These particular interactions do not seem to suggest any broader implications, given that they are not consistent across the different fuel properties and that some of the data sets are small. As such, the interactions might be related to some specific conditions within the specific studies that were included in the analyzed dataset.
Summary and Conclusions
A comprehensive literature review and statistical analysis was conducted to identify possible correlations between selected fuel factors, such as the distillation parameters, aromatics and octane indices, and PM mass and Total and Solid PN emissions. A summary of some of the broader results of this study and a discussion of the implications of some of the more complex interactions are provided below.
In terms of broader results for GDI vehicles, aromatics and distillation temperatures had the strongest positive correlations with PM mass and total PN emissions, with increasing levels leading to higher emissions. For distillation temperatures, EP was statistically significant for both PM mass and total PN, while T70 and T90 showed a consistent positive correlation only for total PN. The positive correlation for aromatics and distillation temperatures with PM mass/PN emissions is consistent with trends seen for the PMI index, which is a function of higher double bond equivalent and boiling point species.
Other properties, such as octane indices AKI, RON, and MON, and T10, generally showed more negative correlations with PM and PN for GDI vehicles. AKI, RON, and MON, showed negative correlations for PM mass, while MON showed a negative correlation for total PN emissions. Similar trends have been seen in some other larger studies [13] , but not in others [22] . T10 showed negative correlations for both PM mass and total PN. Analysis of statistically significant interactions of T10 with engine cylinder number suggested that T10 may have a more significant impact on PM mass emissions for larger engines.
For PFI vehicles, the strongest fuel effects were seen for PN. T50, T70, T90 and total aromatic content showed positive correlations with PN for the FTP, LA92 and US06 cycles. T10, EP, AKI, RON and MON showed negative correlations with PN emissions for the FTP, LA92, and US06 cycles. These trends were directionally similar to the fuel trends seen for the GDI vehicles, except for EP. Fuel trends were less clear for PM mass emissions for PFI vehicles, with T50, T70, T90, aromatics, AKI, and MON all showing both positive and negative statistically significant correlations with PM mass for the FTP, LA92 and US06 cycles. Only EP and RON showed a consistent negative correlation with PM mass emissions for these driving cycles. For the NEDC and 'other' cycles, the results indicated that T90 and aromatics showed a negative correlation for PM mass emissions, while the other fuel properties did not show statistically significant impacts. For SPN emissions for PFI vehicles, the data set was relatively small, and did not show any statistically significant effects for any of the fuel parameters. While understanding fuel effects in a universal sense was an important objective of this study, another key finding of this study was that for many fuel properties there were statistically significant interactions between the fuel property and either engine type, number of cylinders, and/or drive cycle in the regression models. This indicates that there was an underlying complexity in the data set, such that the magnitude and direction of the regression coefficient (slope) estimated for a particular fuel property varied as of function of at least one of these categorical variables. It is also important to note that as the fuels are all generically treated as "gasoline" fuels, without accounting for oxygen/oxygenate effects, some of the underlying fuel property impacts attributed to distillation properties may in fact be due to the presence of oxygenates.
In terms of interactions, there were some cases where statistically significant interactions could indicate underlying trends in the data related to particular combinations of engine types/model years, number of engine cylinders and drive cycles. For example, T10 had a more significant impact on PM mass emissions for larger engines for GDI vehicles. For EP, statistically significant effects for PM mass were found to be strongest for vehicles equipped with wall guided GDI naturally aspirated engines, which all showed positive correlations.
In other cases, the nuances of the statistical interactions could suggest cases where there are data limitations. For example, for GDI vehicles, aromatics had a statistically significant impact on PN emissions for all the different driving cycles, except the NEDC cycle for PN emissions. This could be due to the fact that some of the larger European studies used fuels with relatively similar aromatic levels. In another example, statistically significant interactions with all three categorical variables (number of engine cylinders, engine type, and driving cycle) were found for GDI vehicles for T70 for PM mass emissions and T90 for PN emissions, but the majority of those combinations showed positive correlations (see Appendix). This suggests that for other combinations of engine cylinders, engine types, and drive cycles that additional data might be needed to better quantify the effects of T70 for PM mass and T90 for PN for GDI vehicles.
There were also cases where statistically significant effects were found for only a small number of tests results, suggesting that some observed fuel effects may be a specific to a certain study or small subset of studies. The findings of a positive correlation with T90 for SPN emissions for GDI vehicles with 4 cylinder engines and a negative correlation for AKI, RON, and MON for GDI vehicles with 8 cylinder engines are examples of where this might be happening.
While a more detailed discussion of the complexity of all of the different interactions is beyond the scope of this paper, the examples that we have shown may help to serve as a reference guide for other researchers looking to better understand more specific impacts of fuel properties on PM mass, total PN, and SPN emissions. The details related to the interactions could be of use for researchers designing experiments related to PM emissions that involve particular fuel properties, or in selecting vehicles that might be either more or less sensitive to fuel effects. This information could also be of potential value to researchers trying to understand subtleties in larger datasets, where some vehicles or some drive cycles might show fuel effects while others do not.
Fuel Properties as a Function of Engine Type/Model Year, Engine Cylinders and Driving Cycle for PM, PN and SPN Emissions
As discussed in the main section, the effects of different fuel properties on PM emissions are often complicated by multiple interactions between different categorical variables such as the engine type/model year, number of engine cylinders, and driving cycles. In a number of cases, statistically significant interactions were found for two or all three of these categorical variables, indicating a more complicated relationship between the fuel property and the underlying testing variables. These more complicated interactions are further investigated in this Appendix.
It is important to note that due to the complexity of the interactions, the goal of this subsection is not to identify universal trends between different fuel properties and PM emissions, but rather to identify potentially underlying subtleties that might occur in datasets where particular combinations of engine types/model years, number of engine cylinders and drive cycles might be used. Thus, this information is more of a reference for researchers designing experiments or understanding subtleties in larger datasets of emission results.
For this subsection, the analyses were again separated by vehicle type into GDI and PFI vehicles, with each of these different interactions discussed separately for the two vehicle types.
GDI Vehicles This section provides further detail for combinations of different engine types, engine cylinders and driving cycles for PM, PN and SPN emissions for GDI vehicles where two and three way statistically significant interactions were identified.
For PM mass emissions, T50, T90 and EP all showed statistically significant or marginally statistically significant interactions between engine cylinder and engine type, as shown in Table 2 , even though T50 and T90 did not show statistically significant impacts for the full set of data. These statistically significant interactions are presented in greater detail in Table A1 . It is worth noting that all the statistically significant effects for T50 and T90 on PM emissions were from wall guided GDI engines. These effects showed a positive correlation for T50 and a mixture of positive and negative correlations for T90. For EP, the statistically significant effects were all associated with vehicles equipped with wall guided GDI naturally aspirated engines and all showed a positive correlation.
Properties that showed interactions with all three categorical variables for GDI vehicles are presented in Table A2 . T70 showed statistically significant interactions for PM mass emissions for different engine cylinder, driving cycle and There were also statistically significant interactions between T50 and engine cylinder and engine type for SPN emissions, as shown in Table A3 . This included statistically significant and marginally statistically significant effects for 6 and 4 cylinder engines over the NEDC that both showed positive correlations.
PFI Vehicles For PFI vehicles, two and three-way interactions were only found for PM mass emissions. Aromatic content was found to have a statistically significant interaction with combinations of driving cycle and engine cylinder for PM mass emissions, as shown in Table A4 . The majority of the combinations that showed statistically note: Bold values denote the statistically significant results, whereas underlined values denote the marginally statistically significant results. 
